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Preface

This study is a continuation of the analysis of the factors
involved in the design of a particle thermal radiator for space vehicles.
The basic idea was originally moposed by Dr, William L. Lehmann,
Profeswor and Head, Department of Physics. Major Charles F. Neef
presented the basic mrinciples of the conceptudl design and derived
mathematical equations for each phase of operation. Captain Duane W,
Smetana extended and modified Neef's calculations, investigated theoretical
problen areas, and suggested areas for experimental worke.

Our effort has been expended on an experimental investigation of
the particle charging and particle motion problems as enumerated by
Smetana, and the optimization®cf several design parameters by a computer
study using our expeimental results. It is hoped that the results of
this study will suggest a method of verifying the heat transfer assumptions
ised and lead eventually tc a successful working model.

We wish to acknowledge our indebtedness to Dr. W.L. Lehmann for the
assd stance znc advice which he so generously gave to us. In addition,
we wish to express our gratitude to the nrersonnel of the Flectronic
Technology Laboratory, A.S.D., Physics Laboratory, A.F.I.T., and especially
to Mr. Harry R. Kremer of the Technical Photographic Division, A.S.D, for

their invaluahle technicdl assistance.
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Abstract

The design of a new type thermal radiator is exterded. Micron-
sl zed particles are heated and electrically charged on contact with
electrode-spha'és ad radiate thermal energy during oscillations
between spha'erg. Results of expeimentation show that metallic
particles will charge and the charge transferred (in cpulombs) can be

calculated from the emp:Lrical formula

q = 816 x 1072 42 (p )'2E

'where J 1s .tne part:.cle dlarxeter in mcrons,fE is the particle electr:.cal
resxstlnty 1n m‘lcro-ohm-cm, a*\d E is the electric field in volts per

°

. netc—r.. Oscﬂ.l a'tory motion.was verlfled between parallel plates: Design

“of experlmental equlpment’ 1s dlscussed.- Equations are presented far

"& L

. calculatlon of ragllatoz‘ spec:.ﬁc welght. Results of a computer study

'-1nch cate,. for po’weL 1evels on the order of ten negawatts, the particle
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A ~ Heat-transfer area of the heated electrode.
AP - Surface area of each particle.

@ - Particle acceleration.

B - Proportionadlity constant.

Cn - Specific heat of liquid sodium.

.CP‘ - Specific heat of the particles.

- Die.meter of the particles in microns.

0
!

Mean separation between the inner ‘and outer surfaces of the
heated electmde.
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- Electric’ f:Leld. . .
< .Emls*‘.l.vity of the parta.cles.
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-, Current due to charged particles flowing between the electrodes.

Ku - Thermal coniuctlvity of molybdenun.

Kv - Thermal.corﬂuctlvztty of liquld sodium.
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) = Mass of each particle. .-. . . . '

.- Total number of- p;rﬁ.des in the system.

‘m

Nr

% - El.,ectric charge on each ‘particle.
T

Q

.

- Rate o.f heat loss per particle.

- Rate of hea’c loss for the entire system.
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PROJECT HOT SHOT -

PARTICLE THERMAL RADIATOR

I. Introduction

In a. space enviromment, radia.tion is the only method of heat transfer
available for rejection of excess heat. "The economical rejection of heat
from .space power p}ants has become an increasingly critical pro:blex'n in
space tec};nol'o.gy; 1:‘0r power plants above the one megwatt‘range, the

conventie.nal tube-and-header ‘radiatar is the heaviest single component.

This weight-is doubly cr:n.tical ‘because each extra pound makes vehicle

e AT SN

la.unching ard * 1ts subsequent maneuvering ‘in space more difficult"

(Ref 2:1). Thus *a means .of severe]y reducing the weight of.conventional

b space radlators, or alternatlvely, deagn of a new type light-wei ght

? . :rad:Lator wouldr represent a major break'bhrough in ‘space eng:.neering.

¢ o - C.F. Neef andD W" Smetma have presented the' comepts of a new

; oS 'type thermal radiator for space vehicles. "Modern technolo”;r compares
:; . ~ - ) " rad:.ators acw;dmg to* sp.e.c)}’flc.wei-ght whlch-ls determined primarily by

-~ the- ar.ea tc3_ volxqr_xe:rati_o.f. For -small”™ spher1ca1 partlcles, the area to

’ ¥~ ~.. ' mass ratio becomes w. .‘_,.;.-. . )
T, - 1...._: P — '- 2 _‘. ._._"-’ : A . ’ 5
- .A_ LA A o e
T e RN 'V- _4.1-ry- IR AR N

X UL 'It tempting thelo to examine the use of part.lcles of extremely small

* S P radlus as radiators" (Ref 2: 1) For a given mass Cof particles, the
S S e Y )

. . ., . ®e c O 1
L T e > » .« a ° . . .

W ¥ ATevE W e WO, PP AP P IS K
E .
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total surface area can be made arbitrarily large by decreasing particle
radius.

The principles of operation of a device using small particles as
radiators are shown in Figure 1. Particles contact 1".1’2 heated electrode-
sphere and absorb heat by conduction. A potential difference is maintained
between the electrodes so that the particle also becomes charged while in
contact with the heated electrode. The electric field between the
electrodes forces the charged particle along a path, as it is shown, until
it collides with the other sphérg. . There it will be oppositely charged
and forced back toward the heated ele::trode. During the entire trip, the
particle is radiating heat into space. As it contacts the heated
electrode, the cycle is repeated.

If the weight advantage gained using particles as radiators is not
negated by required strw ture and electrical system weight, then the
particle radiator gppears to hold a useful advantage over the conventional
radiatars. Areas for further investigation are listed by Smetana
(Ref 2:38):

1. Charge transfer in vacuum.

2. Heat transfer from sphere to particle and particle to space.
3. Ylaterials for particles and electrodes.

Li. Charged particle motion in vacuum.

The. purpose of this study is generally to extend Neef's and Smetana's
work, and specifically to investigate experimentally, in wvacuo, charge
transfer to particles and the motion of charged particles in air and
vacuo. Particle motion expeiments are restricted to motion between

2
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parallel plates. Results of the two investigations are then used in a
computer study to optimize some of the design parameters. No attempt
is made to experimentally verify the heat transfer assumptions made by
Neef and Smetana. Selection of sphere and particle materials is made
on an analytical rather than an experimental basis. .
Results show that metallic particles can be charged but dielectric
marticles cannot. Charging depends on electric field, particle size,
and particle material. Charged particle motion is successfully phbto—
graphed in vacuum at normal gravity and in air at zero gravity. Contact
time between particle and plate compares fawrably to the time required
to heat a particle. The computer design analysis yields a specific
weight for the particle radiator on the order of 0.0% kilograms per
kilowatt compared to a value on the order of .35 kilograms per kilowatt

(Ref 2:36) for a conventional tube-and-header radiator.
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II, Charge Measurement

Previous investigations of particle charging have been based upon
the use of dielectric particles only (Ref 2:6, 22), For his study,
Smetana assumed that the charge, %(coulombs), on a dielectric particle

was given by

= 2.4 e
q x /0 -

where Jis the diameter of the particle in microns (Ref 2:10). Smetana
then concludes, "Of all the problems considered, those associated with
electrical charging (of particles) in space are potentially the greatest".
(Ref 2:23).

In this chapter, a method of experimentally measuring the charge
transferred to particles (dielectric or metdllic) is described. The
following variables are examined for their affect on particle charging:
air pressure, electric field, plate material, plate temperature, particle
size, particle material, and particle velocity. It is shown that only
metallic particles can be charged by contact wi.th a metal plate which
has a known electric field at its surface. The three variables that affect
charging are fourd to be electric fieid, particle size, and particle
material. An empirical formula for the charge on a particle is developed

from the observed data,
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Description of Charge Measwring Apparatus

Figure 2 shows the apparatus that was designed to measure the average
charge per particle in a stream of varticles (B) falling on the metal plate
(A). The pr;irticles, formed into a stream ly the fumel shown, fall through
a hole in the screen (C) and onto the metal plate. The pla'te then deflects
the particles into a metal cup (D) that is connected to the input terminal
of a Keithley Model 410 micro-microammeter (E). A D.C. voltage source
(not shown) is comnected to the plate (A) to provld.e an electric field
between the plate and the grounded screen.

The weight flow rate of particles in the stream was measured by
timing the flow tlrough the funnel of a known weight of particles. The
flow rate of average sized particles, [, (particles per second) is then
calculated by dividing the weight flow rate (kilograms per second) by
the average particle weight (kilograms per particle). See the next
section for a discussion of average particle weight.

If there is charge transfer between the plate and the particles,
the stream of particles will carry a current between the plate and the
cup. The magnitude of this current, I , in amperes (coulombs per second)
is measured by the micro-microammeter. The average charge per particle,

?/ , (coulombs) is then given by

‘z=—F_T' (3)

Particle Weight and Size

Particles of various sizes existed for all the particle materials

used., Therefare, it was necessary to obtain the weight of an average

6
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particle for each material. The average particle weight was calculated
by weighing about 200 particles chosen at random and averaging their
weights. A spherical shape was then assumed for each average particle
and the di ameters of these fictitious spheres were calculated, These
average diameters, d » Will be used far size comparisons and are listed

in Figure 3.

Variables Investigated

Seven variables were investigated to determine how each affected the
charge transferred to a particle. Atmosphaic pressure was varied from
sea level (1L.7 psia) to 1 x 106 mm Hg which is equivalent to the
mesaure at 131 miles abtove sea level. The apparatus shown in Figuwre 2,
except for the micro-microammeter, was placed inside the bell jar of a
vacuum gystem where mressure was varied within the 1limits specified above.
Lower mressures could not be obtained with the vacuwum equipment used for
this investigation.

The electric field, E., (volts per meter) between the plate and the
screen was calculated by use of the potential differernce, V s and the

separation distance, D
E= v (L)
D

A separation distance of 0.05L meters was used. The potential .
difference was varied from -4500 wlts to +4500 volts to obtain various
electric fields (up to 83,300 volts per meter).
Three different plate materials were used: iron, copper, and
aluminum. The plates were all 12,7 centimeters in diameter and 1.5

8
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millimeters thick.

Plate temperature was varied in one series of experiments from
2939% to 5LUSPK at atmospheric pressire. A Bunsen burner heated the
under side of the plate while an iron-constantine thermocouple measured
the temperature of the upper surface.

Charging versus size comparisons were made using two sizes of iron
particles.

Particles of aluminum, zinc, tin, graphite, and polystyrene were
used to investigate the effect of particle material on charging. The
conducting particles ware irregular in shape but had smooth surfaces
with no sharp edges. The polystyrene particles were generally spherical
in shape.

The last variable investigated was particle velocity on impact with
the plate. Impact velocity was varied by changing the distance through

which the particles fell before contacting the plate.

Charge Measurement Results

The average charge per particle was calculated by using Eq (3).
However, it was found that the current measured by the micro-microammeter
required a correction factor in arder to indicate the true charge
transferred to the particles by the electric field. This was necessary
because a current was measur ed with zero potential difference between the -
plate ard the screen while particles were flowing. This current is
designated the zero voltage current in this investigation. Zero wltage
currents were measured for each type of particle arnd were algebrically

10
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subtracted from the actual readings to obtain the corrected current far
use in Eq (3). The sign of the zero voltage current depended on the
particle material.

For pressures between the corona discharge value (about 0,025 mm Hg
at 500 volts) and 1 x 106 mm Hg, there was no measurable difference in
particle charging. As pressure was increased from 0,025 mm Hg to standard
atmospheric pressure, charging was decreased by less than one-tenth its
value at 1 x 10‘6 mm Hg. This decrease was caused by charge leaking
to the air as particles travel ed from plate to cup.

The result of varying the electric field far different particles is
shawn in Figire 3. The separation distance used for these data was 0.05L
meters. It was concluded that charging varies linearly with electric field.
Reversing the direction of the electric field reversed the sign of the
charge, but had no affect on its magnitude.

Charge variation from using different metal plates (copper, iron,
and aluminum) was small compared to the assumed experimental error for
the apparatus, particles, and assumptions used. This error was assumed
to be * 1F percent. Plate temperature variations within the limits
previously specified (293 9K to 5L5 9K) produced no charge variation.

Two groups of iron particles with average surface areas in the
ratio of two to one were used to examine the effect of particle size
on charging. HMeasured charges were found to be in the same ratio; thus
it was assumed that varticle charging varied according to the surface
area of the particle. These iron particles are not shown in Figure 3

11
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because they had flat sur faces and sharp corners and were not considered

a good approximation to the spherical shape assumed for the other particle
materials. ixtension of this assumption to the other particles suggests
that charge is proportional to the diameter squared of the average sized
spheres previously assumed for these particles.

Determination of particle material affect on charging was more difficult
than for the other variables. Examination of several physical and
electrical propcrties of the various particle materials revealed that
el ectrical resistivity,‘_ , (micro ohm cm) provided a correlation to the
observed data. The effect of resistivity on charging will be di scussed in
the next section.

The drop distance of the particles was varied by a factar of about
1.9. Dimensions of the bell jar and scattering of particles prohibited
further increases in drop distance. Charging was measured at two particle
impact velocities: 1.08 meters per second and 1.5 meters per second with
aluminum marticles. No difference in charging was observed for these two
velocities; however, if much hisher particle velocities (for example, ten
times weater) become necessary for a working radiator model, then further
experimentation with higher velocities should be ® nducted. Within the
range of velocities specified above, it was concluded that particle velocity
had no affect on charging.

It was found that dielectric particles such as polystyrene ocould not
be charged vith an electric fie€ld as high as one million volts per meter.
Therefore, polystyrene and similar dielectric materials cannot be charged
by this method either in the vacuum conditions of space or in a standard

12
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atmosphere. Only conducting materials can be charged by impact with a
metal plate which has an electric field at its surface.

Three of the seven variables investigated affected charging: electric
field, particle size, and particle material. In the next section, these
variables will be combined into an empirical formila derived from the

observed charging data.

Development of the Charging Formula

From previous discussion, it can be concluded that the particle

charge ( E)
= o(d, 2,
[ f (5)

2
is a linear function of d g E, and an unknown function of resistivity,
ﬂ- . An exponential function of /E was assumed in order to fit the

formula to the observed data. Various powers of/£ are shown in Table I.

Table I

Electrical Resistivity Raised to Various Powers

Particle Material (miéiEo e (/z).ll [fE).lZ (ﬁj.n

Aluminum 2.66 1.114 1.125 1.136
Zine 6.0 1.28 1.240 1.2%2
Tin 11.5 1.308 1.3 1.373
Graphite 1365.0 2.23 2,380 2,555

The formula for Z now becomes
X
g = 8d*(p) E (6)

13
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vhere B isa proportionality constant. Rearrangement gives

L /T
B-Eda(ﬁ!)x (7

If measwed values of Z s known values of E and J s and the values of
('E)xrrom Table I are substituted into Eq (7), families of B are found
for each value of X. The value giving the most constantB within each
family is found to be 0.12. Values of X larger and smaller than those
shown in Table I were tried but gave diverging values of 8 within each
famdly.

The value of B corresponding to X = .12 is B = 8.16 x 10-23;
thus, the final charging formula is

-23 ;2 J2
g=8.16x1072d* () E "

A comparison of measur ed charges and f rmila calculated charges is
shown in Table II. Of the three variables in Eq (8), the cne that
most clearly affects Z is the electric field, £ . This is shown
in Figure 3. Variation with surface area (represented by Jz),
alt hough based on only one set of data, is plausible because any
excess charge on a body tends to reside on its surface. The electrical
resistivity raised to the .12 power simply fits Eq (8) to the observed
data. The choice of this parameter is not based on any theory and possibly
some other parameter of the particle material could be justified theoretically.

Now that a method of predicting particle charge has been developed,

an examination of charged particle motion will be made in the next chapter.

1k
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III. Particle Motion

In Chapter I, motion of charged particles between large spheres
was discussed as it applies to the general radiator theory. Possible
roblem areas associated with this motion are: do the particles rebound
from or adhere to the spheres, are collisions elastic or inelastic, is
the time of contact between particle and sphere sufficient to heat the
particle, will a particle be continuously accelerated throughout several
trips o that it may eventually puncture the sphere, and will particles
migrate toward one area of a sphere? A simple experiment to demonstrate
particle motion between parallel plates is presented in this chapter.
High speed motion picture photography is used to study the problems
listed above with the parall €&l plate configuration.

Oscillatory particle motion is verified both in vacuo and at
atmospheric preswure in a normal gravity environment, and at atmospheric
pressure in a zero gravity enviromment. The motion pictures show that
collisions between particle and plate (both aluminum) are inelastic and
ther efore, the acceleration on the particle is not cumulative over several
trips. A random pattern of particle rebounds after contacting a plate
indicates that migration of particles towards one area of a sphere may not
be a problem. The particles used are smooth, but irregular in shape.
Time of contact and time of flicht measurements are made from the motion
picture film. The charging formula is verified by use of the flight time

and the known electric field between the plates.
16

|




GA/Phys/63-1,9

Desoription of Particle Motion Apparatus

Figure L shows the chamber (B) that was designed to study charged
particle motion. Two aluminum plates were separated by a thin glass
cylinder as is shown. The upper plate was connected to a direct current
voltage source, while the lower plate was grounded to mrovide an electric
field between the plates. The separation distance was 0.025 meters.
Various voltage sources were used; the one shown at (A) in Figure L is a

small electrostatic generator.

Results

A few particles of various weights were placed on the bottom plate,
and voltage applied. Accarding to the theory of equipotential surfaces
(assuming an absolutely flat plate and spherical particles) no particle
should leave the plate. However, irregularities in particle shape and
lack of an ideally smooth plate caused particles to leave the plate as
they chargzed. As voltage was increased, the lightest weight particles
bezan to leave first until all particles had left the bottom plate.
Vibration of the support stand caused particles to leave the plate at a lower
voltage than without vibration. Vibration aided the particle in escaping
the influence of the equipotential surface.

Oscillatory motion was obtained at both 1L.7 psia amd 1 x 1076 ym He.
This was expected since it was shown in Chapter II that air pressure has
a very small effect on particle charging. The terminal velocity of a
.particle falling in a viscous medium can be calculated from Stokes Law.
For an aluminum particle weighing 0.9 milligram, the terminal velocity

in air is 13.85 meters per second. The maximum velocity attained by this
17
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particle on a downward trip of 0,025 meters with E = 528000 wolts per

meter is calculated to be 1.7h meters per second. Thus the motion

results obtained at 1L.7 psia are assumed to be valid in vacuum conditions.
The oscillation experiment was performed in the C-131 zero gravity

aircraft which is capable of attaining near zero gravity for periods up

to 20 seconds. Oscillation occured at zero gravity with no unexpected

difference from normal gravity conditions,

Photographing Particle Motion

Detailed study of particle motion with the unaided eye was impractical;
therefore, a high speed motion picture camera was employed to effectively
reduce the velocity of the particles. A Beckman and Whitley Magnifax High
Speed Motion Picture Camera with 63 mm lens was used. Figure 5 shows the
photographic apparatus wi th camera removed. The camera mount is shown at
(E). A direct current power supply (D), capable of producing 25000 volts,
provided the electric field. iligidly clamped to the board at (C) is the
particle chamber. (A) and (B) are the reflector and lights respectively.

Attached to this thesis is a 200 foot reel of 16 mm film showing
particle motion under various electric fields, air pressures, and gravity
levels. The following table lists the operating conditions for each of the
four film sections: .

Table III

Operating Conditions for Each Film Section
Section Electric Field Air Pressure Gravity Film Speed

(volts/meter) (frames/sec)
1 720,000 1L.7 psia one g 2,000
2 600,000 1x 10'6mm Hg omne g 2,000
3 60,000 1L.7 psia zero g 800
4 528,000 14.7 psia zero g 800
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Two aluminum plates were used in the chamber shown at (C) in Figure 5.
All particles shown in the film are aluminum: <those in sections 1 and 2
have various weights vith an average weight of 0,8 milligrams, while those

in sections 3 and 4 weigh 0.9 * .05 milligrems,

Contact Time

A maximum speed run with the Magnifax camera was made at 3,000 frames
per second to measure the time, tc. that a particle is in contact with a
plate, Bvery second, 120 time ticks were recorded along the edge of the
£ilm, thus it was possible to convert the number of frames into time,
Other conditions for this run were: pressure, 1l4.7 psia; electric field,
480,000 volts per meter; particles, aluminum; particle weight, 0.9 * 05
milligrams; gravity level, one 3 o

The number of frames that a particle remained in contact was recorded
for several contacts, Bach of these was converted to time and then averaged.
The result was tg ave= 0,9 milliseconds, a value which will be used in tire

to heat calculations in the next chapter.

Verification of Charging Formula

Several measurements of flight time.'tf. between plates of the particle
chamber were made from section four of the motion picture film. It should
be recalled that this section of film was made at zero 3 vith £ = 528,000
volts per meter. The average time to travel the 0.025 meters for six
different particles was 0,05 seconds (time for four of the particles was
0.05 seconds).

The average charge on these particles will now be calculated by use
of t ‘f and other known values. ‘The equation for uniformly accelerated

21
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motion is
! 2
D=z tF (9)

where Q is acceleration and t{::ls the time of flight. When rearranged
X (9) can be expressed as
a= 35% (20)
£
Another expression for ( can be found from

Force = Ez = ma, (11)

which gives

a=L£% (12)

m

These two expressions for (@ can be eguated since they are the same

acceleration, The resulting expression for ?’ is then

p= %Dé? (13)

Substitution of numbers ylelds

_ 20025)(3x10°4) _ -12
9= Sitoro e = 2tIx /0 coul

It can be shown that a 0,9 milligram aluminum particle is equivalent
to a spherical particle 858 microns in diameter. The solution of

Eq (8) then gives

9= B./6 x 10°2@B58)f (1.1245) (528,000)

-/2
=357 x 1072 coul
The charging formula was derived from data obtained with a maximum E

of 83,300 volts per meter. However, it has been used to successfully

2
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predict the charge on a particle resulting from an electric field of

528,000 volts per meter. The applicetion of the charging formula in the

readiator design will be shown in Chapter IV.
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IV, Partjcle Radiator Desicn Theory

A general radiuator design theory, based upon both experimental and
theoretical results, is developed in this chapter. Equations for the
following desizn parameters are determined: electrode geometry, separation
distence of the electrodes, number of particles required, electrical power

requirements, and totel veight.

Particle Motion

It is necessary to assume a typical particle path in order to determine
an order of magnitude time of flight between electrode-spheres. The
precise solution to particle motion between spheres is extremely complicated
and is not justified at this stage of investigation., An order of megnitude
time of flight will permit the approximete calculations of the electrical
power required, the number of particles recuired, and the total weight of
the radiator.

A typical particle path wes presented (see Figure 6) by Smetana:
"A representative curvilinear path, ABC, was assumed and replaced by an
equal length rectilinear path, AB'C, along which a constant acceleration
was to acte The dashed line in Figure 6 represents the curvilinear path
for which the time of flight of a typical particle was calculated. Its
length is -g-D " (Ref 2:8) where D is the separation distence between the
electrodes,

*"The average velocity along each half of the straight line was computed
initially; the total time of flight was obtained by adding the time
increments required for the particle to travel from A to B and from B to C,

When any particle of mass (m) and charge (q) is accelerated from rest
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through a potential drop (V), its velccity (v) can be found from
v2 = 2qV/m.
For a particle initially at rest and acted upon by a constent voltege,

the velocity of the particle at B is
{
3V'2‘
W*[...] (1)

where %is the charge on the particle, V is the potential difference
between the two spheres, and M is themass of the particle, For a
particle at B with initial velocity Vs » the velocity of C can be obtained

from

(15)

An approximate time of flight for a single representative particle is

therefore obtained from " (Ref 2:9)

}
(-ED 4 ED o[ BTED g

i Ewev]

Heat Transfer
The heat transfer process is dependent on the working fluid supplying

excess heat to the sphere and the particles removing heat by conduction
and then radiating it into space during their flights between the spheres.
For maximum efficiency, it is necessary that the particles depart the heated

sphere at the same temperature as that of the sphere. It is therefore

necessary that the particles be in contact with the heated sphere for sufficient

time to heat up to sphere temperature. Neef developed an epproximate

26
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expression to find the time to heat. The first approximation vas made by
assuming a cube containing the same volume as that of a spherical perticle;
i.e., the side of the cube was 1,612 times the radius of the sphere. Then

the average rate of heat transfer is

i: K'Acﬁ:'sr (17)

where KP is the thermal conductivity of the particle, A‘._is the area of
contact, ﬁ-gr is the change of temperature per change of thickness, Vhen
the particles arrive at the heated sphere, they are et a temperature -r; .
The rate of heat transfer will be maximum at this time and will decrease
exponentially as the temperature of the particle approaches the temperature
of the heated sphere, 7,— e By selecting a time such that the top of the
cube is at -ﬁ and the bottom of the cube is at T.- » & representative rate

of heat transfer is obtained. Therefore, the tine to heat is given by

t,= tmpcp(T=Ia) (18)

where Mp is the mass of the particle and Cp is the epecific heat of the
particle, Substituting Eq (17) into Eq (18) gives
1, = 2.6p,Cp r* (19)
h K
P
where fP is the density of the particle materiel andVisthe radius of the
particle (Ref 1:17).

Since the maximum time to heat has to be the time of contact between

the particle and sphere, Eq (19) is solved for the maximmm particle diemeter
27
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that will heat up to sphere temperature, The equation for meximum particle

diameter, in microns, is

T -6
[104 . G x [0 (20}

vhere tc is the time of contact between the particle and the heated electrode
which can be measured by high speed photography.
Neef determined by use of the Stephan Boltzmann law for radiation that

the temperature of the particle arriving at the heated sphere is (Ref 1:18)
1

[ m Cp ]3
3TA reg-t{ + mCp (21)

where 7,- = tcmperature of the perticle as it leaves the heated sphere
Ap
e

surface area of the particle

hemispherical emissivity of the particle
" = Stephan Boltzmann constant

With-,,- and T;g known, the heat loss rate of a particle can be found

AI = M;L) (22)

%-—-MCPA'C ER W,

IfQ is the total heat rejection rate, then the weight of the particles

from (Ref 2:12)

is given by

We = m-—%— (23)

The specific weight of the particles in kilograms per kilowatt is

obtained by substituting Eq (22) into Bq (23) which gives

__e2t
&= S0 =

28
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Additional heat is generated in the system because of the dissipation
of the particles'! kinetic energy on impact with the spheres, This requires
additional particles for the removal of the added heat. The kinetic energy
of a particle is given by

KE), =z m%" (25)

Substituting BEqs (5) and (6) into By (14) gives
(KE), = qV (26)
The total kinetic energy of the particles is
A’E=/%<ZV='\,A,,‘°‘ZV 27)

The rate of heat generated by the kinetic energy dissipation is then

L Wg%k
Pe = fem (28)

Multiplying Eq (28) by Eq (2) gives the additional particle weight

given by

required to dissipate the heat caused by kinetic energy effects:
Wog = [ (T, —TA)] [.-%1] @)
and

o[ 2] [ 2]
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The specific weight of the particles required is obtained by adding the

right hand side of Eq (30) to the right hand side of BEq (24) and solving

for -gﬁwhich gives

%zl-[aﬁ

2tf ][ g\/] L

p(T-Ta)

tim

The separation distance between the electrodes is a function of
the total surface area of the particles., It is assumed in this study that
the effective radiaticn area of the particles cannot be greater than the
area of a sphere which has a diameter equal to the separation distance
between the electrodes., If the rarticles are confined to a smaller
volume, then the effective radiation area of the radiator would be less
than the surface area of the particles because of radiation interference
between particles. Therefore, the minimum separation distance must
generate a sphere equal in surface area to the surface area of the particles,

Equating the two areas gives

2 2 —~i2
D = Nord x10 (32)
Substituting NP = %/')p into Eq (32) and solving for Dm glives

Dy = [—WB]%J x 107 (33)

m

where Dh\ is the minimum separation distance, in meters, between electrodes

and d is the particle diameter in microns.
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It can be seen from Eqs (16), (21), and (31) that the weight of
the particles increases as the separation distance is increased. Therefore,
for minimum weight operation, Eq (33) must be satisfied, It is important
to note that Wpis a functionof the time of flight, the time of flight is
a function of the separation distence, and the minimum separation distance is
a function of VV} » therefore, an iterative solution is required to determine
the minimum separation distance.

The weight analysis theory of the two electrode-spheres was developed
by Smetana (Ref 2:12), The weight of the spheres is a function of the surface
area of the heated sphere and the thickness necessary for meteroriod protection,
Smetana used a 95 percent probability of no puncture by meteroriods in 2 one
year period. "The heat-transfer electrode was considered toc be a hollow
molybdenum sphere in which an oblate sphere of smaller mean radius was
fixed, The cross section area along the flow direction was assumed constant.
Liquid sodium was arbitrarily selected as the working fluid to flow between
the spheres,

Preliminary calculations showed that the electrode surface area will
be determined by the area required for heat transler from within. An
approximation was used to determine the heat-transfer coefficient for the
sodium flow. Since the mean separation between the inner surface of the
outer sphere ad the outer surface of the inner sphere was small with respect
to the radius of the radius of the electrode, a parallel plate assumption
for heat flow was used, Such a correlation for liguid metal flow between

parallel plates with heat flowing through only one plate is given by
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Brooks (Ref 1:278). The equation is

2dcn G 2
N
- 58+ .02 [—_K., ]

,

2 hd
Ky

(34)

where |’\ = heat transfer coefficient

Ky

4
d = mean separation distance between inner and ocuter sphere

thermal conductivity of 1iquid sodium

Cw= specific heat of liquid sodium
G = weight flow rate per unit area
The overall coefficient of heat transfer, U » 18 calculated from the

following eguation

N T
U~ h Km (35)
where t is the thickness of the outer sphere and Km is the thermal

conductivity of molybdenum, The required heat-transfer area, A >

is given by

A= Tar (36)

where ATis the temperature difference between the bulk temperature
of the working fluid and the outer surface of the heated electrode,

Only the outer surface of this electrode must be protected from
meteroroid damege. Since very little data is available on meteroroid
penetration into molybdenum, that given by Ross et al for steel was
used (Ref 9:58). This choice is within the range of assumptions
necessary in this study and should be on the conservative side in estimating
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the thickness required for meteoroid protection at different heat rejection
rates,

To obtain minimum weight for the heat rejection sphere, the thickness
which was assumed in the calculations of the re jection area was correlated
with the minimum thickness required to meet the assumed criteria of the
design" (Ref 2:13). The total weight of the two spheres is assumed to
be 1.5 times the weight of the outer heated sphere alone, The weight of

the spheres is then given by

We= LS ALg = /‘55”3@[-; 37

where /m is the density of molybdenum, The weight of the connecting

structure was arbitrarily chosen to be one kilogram per meter,

Badiator Electrical Syatem

The electrical system for the radiator was described by Smetana:
*An electrostatic generator is proposed to provide the electric field
that charges the particles and forces them through space. Adequate voltege
for electrostatic generators in the range fraom 200 kilovolts to one
megavolt are now in development. 4 direct current, variable capacitance,
dc-excited, machine has been chosen as the most attractive; it is described
by Denjelm et gl (Ref 3:14), Its ceramic and metal construction lends
itself to designs for high temperatures, and except for the flexibility of
the stator and rotor disks, the generator is sturdy and reliable, Such
electrostatic generators can be designed with a specific mass of .9 kilograms

per kilowatt, but Gale estimates this figure can be reduced to .2" (Ref 2:15).
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A single particle transfers a positive charge, *q, from the positive
electrode to the negative electrode and transfers a negative charge, -q,
from the negative electrode to the positive electrods, Since the time
of contact is neglegible with respect to the time of flight, the current
produced by this charge transfer can be obtained from

I = NP -—77 = -WP -l,— (38)
'tf m 'f.'{

By use of 1 specific welght of .9 kilograms per kilowatt, the weight of

the electrical system, WE » can be obtained from

W= -9V1I x107° (39)

Substituting Eq (38) into Bq (39) gives

We = .9 W, _%L% x 1073 (40)

’ch

or

W _ -4
_éx-?x/o —g"—é%" | (41)

where yévﬁis the specific weight of the electrical system in kilograms

per kilowatt of heat energy to be rejected and Z is the charge per

particle which is obtained from

-23 ;2 o2
q= 816 x (07 d (R)"E o

v
R

Substituting £ = into Eq (8) gives

34

i




GA/Phys/63-1,9

-23 42 Jd2
g=8.1Lx10 73 _%L

(42)

where fe is the resistivity of the particle material and R is the

radius of the electrode-sphere.

Lipitetions to the Theory

There is a high probability that particles will be lost during the
operation of the radiator, which will require an additional supply of
particles, Particles may be lost from the system because of the collisions
of oppositely charged particles resulting in neutralization; however, the
probability of complete neutralization is remote, At this stage of design,
it is not possible to estimate the number of particles that will be lost
because of neutralization effects.

Another pot ential source of particle loss is the particles that depart
the outer tips of the spheres (points D and E in Figure 6) with only a radial
velocity component. These particles will depart the field of influence and
will not be eble to return, A possible device to prevent this loss is an
insulated deflector placed on the outer tips to preclude the particles from
reaching points D and E in Figure 6, Another possible solution is to use

electric field shaping techniques to confine the particles to the desired

areas of the electrode-spheres, However, no definite solution can be determined

until a more thorough study of particle motion between spheres is completed.

Summary of Eguations
Particle Mass

m= 523 x10"7d4 (13)
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Particle Charge

-23 (2 2
i: 8.'6)&'0 J@) —RV

Time of Flight
tr= 2.2/[5"—\'/-]3"0

Arrival Temperature of Particles

7;=[ Tomcp

37 A, evly + mcC

Specific Veight of Particles

f;]E%

—
1

LR vy

Minimum Separation Distance

D, = P%D-]%cl X107

Specific Weight of Electrical System

—WQE- =9x /0_4['%‘2]%

Heat Transfer Coefficient

h= Ko [5’.8 + .02 3"’7\%&@)’8]

2d’
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(42)

(16)

(21)

(31)

(33)

(1)

(34)
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Overall Heat Transfer Coefficient

_l.— - ._l. + _r_
U h m
Specific Weight of Electrode-spheres

_m= 1.5 10%
- LAl 67

(35)
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V. Radiator Weight and System Analysis

The particle radiator is proposed for use in a space environment;

therefore, the following analysis is based upon minimum weight per kilowatt
of heat energy rejected,

The radiator's total specific weight consists of the following
elements:

W —\ge + —\gk + J%f 1)
where Eqs (31), (37), and (41) are used to find the contributions of each
element, The total specific weight is primarily a function of the particle
di‘ameter. the operating voltage, the heat rejection temperature, the
radiator capacity, and the physical properties of the materials used for
the electrode-spheres and particles. For this study, molybdenum was
selected as the material for the electrode-sphere because of molybdenum's
strength and favorable thermal conductivity at high temperatures. Titanium
particles were selected because of titanium's high melting point, low weight,
and total hemispherical emissivity of 0,54 (Ref L:32).

For purposes of analysis, three radiator capacities were arbitrarily
selected: five, 10, and 20 megawatts., The weight and dimensions of the
electrode-spheres were calculated, for each capacity, from Eqs (34), (35),
and (37); these calculations are shown in Appendix A. A heat rejection
temperature, 77 , of 950’!( was selected as a representative value for
purposes of analysis,

To aid in the analysis, an IBM 1620 Digital Computer was used., The
computer program incorporating the equations developed in Chapter IV and
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the corresponding data are presented in Appendix C. %. being a constant
for all radiator capacities, was used as an input constant, Incremental
particle diameters and operating voltages were used as variable inputs into
the camputer analysis. For each combination of particle diameter and
operating voltege, & minimum separation distance was calculated by an iteration
process, thus satisfying Eq (33). Once the minimum separation distance was
found, then -\gﬁ. %. and % were calculeted by use of Egs (31), (41), and
(44)e The primary outputs of the computer snalysis are D,,‘. .m._‘gﬁ. and
W . ¢

The conclusions derived from the computer enalysis are only as good
ad the assumptions made. The assumptions made concerning heat transfer snd
particle motion are crude, but should be of the right order of magnitude
to establish the trends that are shown in Figures 7, 8, 9, and 10 and

discussed in the following paragraphs,

Optimum Separation Distance

For each combination of particle size, operating voltage, and radiator
capacity, there exists a minimum separation distance., This minimum separation
distance is the optimum separation distance which was explained in Chapter
IV, Figure 7 is a plot of minimum separation distance versus particle
diameter for a 10 megawatt capacity and for various operating voltages., A4s
the particle size is increased, it can be seen from Figure 7 that the
minimum separation distance decreases, The slopes of the curves are large
between 5 and 30 microns and become significantly smaller between 30 and
50 microns. As the operating voltage was increased, a broader minimm is
ocbtained and less variation in separation distance is evident. Figure 8
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shows another plot of minimum separation distance versus particle size for
the different capacities and optimum voltage for each particle size. It can
be seen from Figure 8 that the minimm separation distance increases as the
radiator capacity is increased. The increase in mininum separation distance
is approximately proportional to the increas? ‘r radiator cepacity raised

to the 0.75 power,

Optimum Particle Size and Operating Voltage

The maximum diameter of titanium particles that would heat up to heat
rejection temperature was found to be 91 microns by the solution of Eg (20)
and the use of the contact time found in Chapter II, Particle diameters
from 5 to 50 microns in increments of 5 microns were selected for purposes
of analysis, which allowed a conservative margin for the assumptions made
by Neef (Ref 1:17).

Figure 9 shows a plot of radistor specific weight versus particle size
for a radiator cspacity of 10 megawatts snd for various operating voltages,
It cen be seen from Figure 9 that for each operating voltage there exists a
particle size that will minimize the total specific weight. For each
particle size, there is an operating voltage that will elso minimize the
total specifie weight, From the computer data presented in Appendix C,
it is seen that as the particle size mcreased.-gE increased and%i
decreased. These trends are caused by the surface area to mass ratio of
the particles. 4s the particle diameter is increased, its Burface area
to mass ratio is decreased, and for purposes of radiation heat transfer,

a large surface area to mass ratio is desirable for minimum weight. Since
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the charge carried by the particle is proportional to the surface area
of the particle, particles with large surfece area to mass ratios will
elso have large charge to mass ratios, which results in a short time of
flight eand a large transfer of charge. Therefore, particles with relatively
small diameters will give a correspondingly high value of o

There exists a complicated tradeoff between particle sjze and operating
voltage which will minimize the sum of _V_Yg_ and -WE s therefore minimizing
%l « Figure 10 shows a plot of total specific weight versus particle
diameter for the different radiator capacities and optimum voltage for each
particle size, It can be seen from Figure 10 and the computer data
presented in Appendix C that there exists a particular operating voltage and

particle size that will minimize the total specific weight,

Optimizetion Regults

The 20 megawatt radiator was selected as a typical model with which
to show the results of the optimization snalysis. Once the capacity end
the heat rejection temperature were specified, then the remsining design
parameters were calculated to minimize the total weight of the radiator,
For the 20 megawatt radiator, the computer data presented in Appendix C

furnishes the following values for weight minimization:

d
D

20 microns

101 meters

\/ = 800 xilovolts
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Lo56 seconds

00797 meters

0.02496

0.01177

= 0,01940

= 0.05614

oo olgef ®» &

From the above data, the weights of the titanium particles and the
electrostatic generator were computed to be 499 and 250 kilograms respectively.
The weight of the electrode-spheres and connecting structure was computed to
be 1223 kilograms,

The optimization results of the 5 and 10 megawatt capacities are shown
in Table IV in which a comparison of the particle radiator is made with the
standard tube-and-header radiator, It can be seen from Table IV that the
particle radiator concept has a marked weight advantage over the conventional
radiator., It should be noted that the tube-and-header radiator has been
under development a much longer time than the particle radiator and has
the advantage of optimization of design and materials, Further refinements
in the particle radiator should increase its weight advantage over the
conventional radiator, Comparison with a recently suggested belt radiator
shows the particle radiator to weigh approximately the same as the belt

radiator (Ref 2:35, 36).
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Table IV

Typical Radiators

Heat Re jection Rate 5 10 20

Conventional Tube-and-Header Radiator (Ref 2:36)

Isothermal Radiation Temperature 950 950 950 *®
Required Radiating Area 121 22 485 m?
Tube Wall Thickness .635 635 4635 mm
Weight of Tubes 949 1898 3795 kg
| _Total Radiator Weight - Steel 1770 3540 7080 kg ]
Particle Radiator
Maximm Heat Re jection Temperature 950 950 950 *®
Electrode Separation 60 76 101 m
Radius of Electrodes 399 564 WT797 m
Operating Voltage 300 500 800 kv
Weight of Particles 88 209 499 kg
VWeight of Eleotrostatic Generator 29 83 235 kg
Weight of Electrodes and Structure 157 270 489 kg
[_Total Radiator Weight - Molybdenum 27y 562 1223 kgl
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System Considerations

Up to this point in the analysis, only minimization of weight has
been considered, However, other considerations are of vitel importance
to the analysis, A thermal rejection temperature of 950°K was the only
temperature considered because of the camplexity of the calculations
involved., The optimum heat rejection temperature cannot be determined
until cycle conditions have been specified. Smetana stated in his study,
*Presently the accepted design practice is to reject heat from the power
generating equipment at a temperature higher than that giving a maximum
pover plant efficiency. This increases the weight of the power generating
unit but decreases the pondercus radiator weight by allowing heat rejection
at a higher temperature. When a particle radiator can be utilized in a
system, it will prove beneficial to operate the power plant at somewhat
lower heat rejection temperature. 4 lower 7‘- will increase radiator weight
v+t will permit smaller generator and turbine sizes® (Ref 2:31).

System reliability was also discussed by Smetana: *If the reliabilities
of the conventional and particle radiator are assumed equal, use of thre
particle radiator can increase the reliability of the entire power system
in at least two ways. Initially, the operating temperatures can be reduced
throughout the system, thus allowing simpler ana easier construction. Since
the particle system can operate very competitively at heat rejection
temperatures lower then those essential for conventional radiators, operating
temperatures at all stages of the power cycle can be reduced. This reduction
in itself will increase system reliability, and furthermore, will permit
design consideration for those lower temperatures. For example, refractory

alloys which are difficult to fabricate, corrode easily, and react with

1iquid metals can be replaced by more reliable stainless steels" (Ref 2:31).
48
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VI. Conclusjong snd Recommendations

As discussed in Chapter I, problem areas that needed experimental
investigation were particle charging, heat transfer, and particle motion
between spheres, Only particle charging experimentation was accomplished
in this study. The results of the charging experimentation presented in
ChaptersII and III showed that charge transfer does occur and that the
charge transferred can be calculated by an empirical formula presented as
Eq (8). In addition, the associated oscillatory particle motion was confirmed
under simplified conditions, i,e., between parallel plates, Times of
contact between particles and parallel plates were measured in order to
determine a representative time of contact for use in computer analysis,

The results of the computer analysis, based upon experimental quantities,
showed that a total specific weight on the order of ,055 kilograms per kilowatt
is feasible, The weight advantage of the particle radiator is shown in
Table IV, Weight reduction by a factor of 6 over the conventional radiator
appears feasible, Further weight reduction of the particle radiator may be
possible by design refinements in the internsl heat transfer mechaniam,
connecting structure, and electrostatic generator., Since minimum weight is
the primary consideration of the type of radiator to be used in nuclear power
plants for future space behicles, the weight advantage of the particle
radiator is of paramount importance,

The assumptions made concerning heat transfer and particle motion
have not yet been proven experimentally. However, all the assumed conditions
were estimated conservatively and the results obtained should have been

realistic: Optimization of materials used for the electrode-spheres and
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particles was not considered in this study., Optimization of these materials
will be more appropriate after heat transfer experimentation is completed.

The primary conclusion of this investigation is that the particle
radiator concept, offering an appreciable weight advantage, is feasible.
Therefore, there is sufficient justification for continued studies toward
the ultimmte goal of an operational particle radiator.

As discussed earlier, factors such as reliability and cost have not
been considereds In view of this and the fact that experimental heat
transfer and particle motion data are required, the following design and
development studies are recommended to be accomplished before the particle
vadiator is considered for use in space power systems:

1., An experimental study to determine the heat trensferred by

conduction from a heated sphere to micron sized perticles in wacuo.

2. A study to determine the optimum materials for the electrode-spheres

and particles,

3. A theoretical study to determine particle motion between spheres in

con junction with a radiation heat transfer study.

L. Design and development of a prototype particle radiator for use in

an orbital environment to ilnvestigate system reliability, particle

loss, heat transfer efficiency, and overall operation.
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